Experimental particle formation rates spanning tropospheric sulfuric acid and ammonia abundances, ion production rates, and temperatures [Brock et al., 2002; Stanier et al., 2004; Chen et al., 2012] , in forests [Kulmala et al., 2013] , in Arctic regions [Laakso et al., 2003] , marine areas [Weber et al., 1998; O'Dowd et al., 1998 ], and in the free troposphere [Brock et al., 1995; de Reus et al., 2000; Lee et al., 2003; Weigel et al., 2011; Bianchi et al., 2016] . It is not completely understood which vapors are responsible for nucleation and growth, although a correlation with the concentration of gas-phase sulfuric acid generally exists [Weber et al., 1999; Sihto et al., 2006; Kuang et al., 2008] . However, the binary system of sulfuric acid and water vapor cannot account for atmospheric boundary layer nucleation events at typical midlatitude temperatures [Weber et al., 1996; Kirkby et al., 2011; Duplissy et al., 2016] . Therefore, in these regions ternary vapors are required in order to explain the observed nucleation rates.
One commonly proposed stabilizing agent is ammonia [Coffman and Hegg, 1995; Larsen et al., 1997; Korhonen et al., 1999] . Several experimental studies have shown that the presence of NH 3 can lead to an enhancement in nucleation rates [Ball et al., 1999; Hanson and Eisele, 2002; Benson et al., 2009; Kirkby et al., 2011; Zollner et al., 2012; Froyd and Lovejoy, 2012] , in agreement with theoretical predications based on quantum chemistry, which show that sulfuric acid clusters are stabilized due to the presence of ammonia [Torpo et al., 2007; Ortega et al., 2012] . However, despite the ability of ammonia to act as a stabilizing compound, nucleation rates observed for the ternary system that included NH 3 are still too low to explain most boundary layer nucleation events [Kirkby et al., 2011] .
Another potential stabilizing agent is charge. The effect of ions on nucleation has long been debated; conflicting data exist as to whether or not ion-induced nucleation (IIN) is important on a global scale [Yu and Turco, 2000; Kazil et al., 2008; Manninen et al., 2009] . Kirkby et al. [2011] showed that for both the nominally binary H 2 SO 4 -H 2 O system (i.e., where the concentration of gas-phase ammonia was below the detection limit but where ammonia could not be strictly ruled out from particle formation) between 248 and 292 K, and the ternary H 2 SO 4 -H 2 O-NH 3 system between 278 and 292 K, the presence of ions leads to significantly enhanced nucleation rates. Duplissy et al. [2016] investigated the binary system between 208 and 298 K, using high-resolution mass spectrometry to distinguish between the nominally binary system and the pure binary system. The authors found that the binary formation rates increase with relative humidity (RH), sulfuric acid, and ion concentration and decrease with temperature. Under atmospheric conditions neutral particle formation dominates at low temperatures, while ion-induced particle formation dominates at higher temperatures.
Other stabilizing agents considered more recently are amines (mainly dimethylamine, (CH 3 ) 2 NH), which, in theory, are much more efficient than ammonia in lowering the evaporation rates of sulfuric acid clusters [Kurtén et al., 2008; Ortega et al., 2012] . The high efficiency of amines to stabilize acidic clusters has also been demonstrated experimentally in recent studies [Bzdek et al., 2010; Erupe et al., 2011; Chen et al., 2012; Zollner et al., 2012; Almeida et al., 2013; Jen et al., 2014; Kürten et al., 2014] . The study by Almeida et al. [2013] showed that typical atmospheric boundary layer new particle formation rates are compatible with nucleation rates in the ternary system involving dimethylamine at representative atmospheric levels: amine mixing ratios of a few parts per trillion by volume (pptv) for a temperature of 278 K, and sulfuric acid concentrations betweeñ 2 × 10 6 and 1 × 10 7 cm À3 . However, this result does not rule out an influence from other compounds, such as oxidized organics, that can explain typical ground-level nucleation rates [Zhang et al., 2004; Metzger et al., 2010; Riccobono et al., 2012; Schobesberger et al., 2013; Riccobono et al., 2014; Kirkby et al., 2016] . The exact mechanisms leading to the highly oxidized compounds in these systems need to be resolved, as does the question at what cluster size these compounds become important for nucleation and growth.
Many of the above-mentioned studies have focused on explaining nucleation rates at the surface, where ternary organic vapors or strong bases seem to be necessary to reproduce the measured nucleation rates. However, the free troposphere is likely to be more important for the Earth's climate. In the free troposphere, nucleation has frequently been observed [Weber et al., 1999; Clarke et al., 1999; Boulon et al., 2010; Rose et al., 2015a Rose et al., , 2015b Bianchi et al., 2016] ; in models, it accounts for 35% of cloud condensation nuclei in low-level clouds [Merikanto et al., 2009] . Although binary and ternary ammonia nucleation rates are not high enough under the warm conditions of the boundary layer, they are much higher at the lower temperatures of the middle and upper troposphere. Ternary organic vapors are likely present at lower concentrations in these regions, i.e., with increasing distance from their sources in the boundary layer, and could therefore be less important. Furthermore, ionization rates in the upper troposphere can be higher, leading to significant ion-induced nucleation. Indications that ion-induced nucleation is important in these regions have been reported [Lee et al., 2003; Weigel et al., 2011] .
This study focuses extensively on the binary and ternary ammonia system by extending the parameter space to temperatures as low as 208 K. This temperature range covers high-latitude regions as well as middle and upper tropospheric conditions. Like sulfur dioxide, ammonia concentrations are strongly associated with anthropogenic activity. The emissions from livestock waste, NH 3 -basedfertilizers, biomass burning, and crops account for much of the total ammonia emissions. Human activity has led to a substantial increase in total ammonia emissions since preindustrial times, and a significant further increase is expected to occur in the future [Krupa, 2003; Clarisse et al., 2009] . Ammonia is therefore an important compound to study due to its potential climate impacts. It is also of interest to assess the impact of ions on new particle formation for a wide range of conditions.
Here the experimentally determined formation rates of pure binary nucleation from Duplissy et al. [2016] are extended to the ternary ammonia system. We present experimentally determined nucleation rates that were obtained during three different campaigns conducted at the European Organization for Nuclear Research (CERN) CLOUD (Cosmics Leaving OUtdoor Droplets) chamber. The measurements were made during CLOUD3 (October/November 2010), CLOUD5 (October/November 2011), and CLOUD7 (October-December 2012). For the data analysis, ammonia calibration measurements from CLOUD6 (June 2012) were used. The investigated parameter space covers a wide range of tropospheric conditions and is summarized in Table 1 . The relative humidity (RH) was sometimes varied (at 223 K, see Text S3 in the supporting information and at 298 K, see section 3.1.6) but no systematic investigation of the RH effect was performed; for most experiments the RH was set to 38%. We present nucleation rates as a function of the sulfuric acid concentration, ammonia mixing ratio, and temperature, as well as charge enhancement factors for ion-induced nucleation under the influence of galactic cosmic rays (GCR), and amplified by the CERN pion beam. Part of the data (from CLOUD3) were previously presented by Kirkby et al. [2011] . However, these older data present only a small subset of the formation rates shown in this study and were limited to temperatures of 248 K, 278 K, and 292 K for the nominally binary system and to 278 and 292 K for the ternary system. Using cluster collision and evaporation rates, the formation rates of nucleating clusters can be calculated. However, especially the direct measurement of evaporation rates for individual clusters as a function of temperature is challenging and the data availability is limited. Therefore, quantum chemical studies are essential in obtaining those rate constants [e.g., Ortega et al., 2012] . The measurements from this study are compared to calculated particle formation rates from the Atmospheric Cluster Dynamics Code (ACDC) using cluster evaporation rates obtained from quantum chemistry .
Methods

CLOUD Chamber and Instruments
The effect of ionizing radiation on new particle formation and aerosol growth is investigated by CLOUD [Kirkby et al., 2011] . A key feature of CLOUD is that its experimental conditions are extremely well controlled, and the experiments are performed in a way that attempts to minimize the concentration of potential contaminants [Schnitzhofer et al., 2014] . The CLOUD chamber consists of a stainless steel cylinder with a volume of 26.1 m 3 that is electropolished on the inside; it is described in detail by Duplissy et al. [2016] . A thermal housing is used to circulate air in between the chamber and its insulation. The internal chamber temperature can be controlled precisely to within several hundredths of a degree by this arrangement. UV light that is used to initiate photochemical reactions is brought into the chamber by means of a sophisticated fiber-optic light system. The UV light system has been carefully characterized; no measureable increase in temperature is observed when the light is turned on [Kupc et al., 2011] . Air from cryogenic supplies, i.e., N 2 and O 2 that should contain a minimum of condensable contaminants, is mixed at a ratio of 79:21 before it is used to fill the chamber and replenish the gas taken by the instruments. The relative humidity can be adjusted by controlling the flow rate ratio of dry air, and the flow rate of air that has passed through a humidification system containing Journal of Geophysical Research: Atmospheres 10.1002/2015JD023908 ultrapure water. Trace gases like ozone and sulfur dioxide can also be added; their concentrations are adjusted with mass flow controllers. The air inside the chamber is continuously stirred by two mixing fans [Voigtländer et al., 2012] . One fan is installed at the bottom and another one at the top while the fan speed is controlled by magnetically coupled motors located outside of the chamber. Two high-voltage grids can be used to sweep out all ions over a period of less than a second by applying an electrical field of 20 kV/m across the chamber. This enables purely neutral nucleation runs. If the high voltage field cage is grounded, natural radiation from galactic cosmic rays (GCR) provides an ionization rate of~3 ion pairs cm À3 s
À1
. Charged pions from the CERN proton synchrotron can be used to achieve mean ionization rates of up to~75 cm À3 s À1 [Franchin et al., 2015] . The beam is defocused such that an area of about 1.5 × 1.5 m 2 of the chamber is homogenously illuminated by the pions. Nucleation rates (J) can therefore be obtained either under neutral (J n ), galactic cosmic ray (J GCR ), or charged pion beam (J π ) conditions. In the case of the experiments under the influence of ions J GCR and J π represent the sum of the neutral nucleation rate and the ion-induced nucleation rate.
Nucleation experiments are initiated through the photolytic production of sulfuric acid. [Kürten et al., 2011 . The measurement of sulfuric acid monomers and neutral dimers at low temperatures during CLOUD5 is described elsewhere [Kürten et al., 2015] . For experiments where ammonia was intentionally added to the chamber, a gas bottle of NH 3 diluted in nitrogen (1% of NH 3 in N 2 , Carbagas) was used. The flow rate from this bottle and further flows of dry air for dilution were adjusted to achieve the desired mixing ratios (see Text S1). The instrumentation used to measure the ammonia comprised a LOng Path Absorption Photometer during CLOUD3 , an ion chromatograph [Praplan et al., 2012] during CLOUD5, CLOUD6, and CLOUD7, and a Proton Transfer ReactionMass Spectrometer using O 2 + reagent ions [Norman et al., 2007] during CLOUD3, CLOUD5, CLOUD6, and CLOUD7. The determination of NH 3 at concentrations below~2 pptv and at temperatures lower than the freezing point of water is challenging due to instrumental limitations. This will be discussed in greater detail in Text S1. For the measurement of relative humidity a two-stage dew/frost-point mirror was used (EdgeTech). At very low temperatures where the frost point temperature reaches values around 203 K, it was necessary to utilize a three-stage frost point mirror (EdgeTech) for accurate measurements. An Atmospheric Pressure interface-Time Of Flight (APi-TOF) mass spectrometer determined the composition of ions with a mass-to-charge ratio up to about 3000 Th at a mass resolving power of~5000 [Junninen et al., 2010; Schobesberger et al., 2015] . During CLOUD it provided information about the chemical identity of cluster ions during a nucleation experiment. It can be used to identify the extent to which ammonia was contained in the clusters in order to distinguish qualitatively between pure binary nucleation and nucleation that is influenced by the presence of contaminant ammonia [Duplissy et al., 2016; Schobesberger et al., 2015] . The concentrations of ozone and sulfur dioxide were measured with commercial gas monitors (TEI 49C, Thermo Environmental Instruments and Enhanced Trace Level SO 2 Analyzer, Model 43i-TLE, Thermo Scientific). The pressure inside the CLOUD chamber was maintained at approximately 1.005 bar during all of the experiments.
The instruments used to determine the number density of aerosol particles included commercial condensation particle counters (CPCs, TSI, Inc.) with different cutoff sizes starting at 3.2 nm, two di-ethylene glycol-based CPCs [Iida et al., 2009; Wimmer et al., 2013] with cutoff sizes between 2 and 2.7 nm and two particle size magnifiers [Vanhanen et al., 2011] with cutoff sizes between~1.3 and 1.8 nm. The particle size distribution was measured in the range between 4 and 100 nm with a scanning mobility particle sizer (SMPS) and with a neutral cluster and air ion spectrometer (NAIS) [Mirme and Mirme, 2013] . The NAIS provided additional information about the negative and positive small ion and particle concentrations in a size range between 0.8 and 42 nm [Franchin et al., 2015] .
2.2. Determination of the Nucleation Rate J 1.7
In accordance with previous CLOUD publications a mobility diameter of 1.7 nm has been chosen as the reference size for the reported particle formation rates [Kirkby et al., 2011; Almeida et al., 2013] . This mobility diameter corresponds to about 1200 atomic mass units (for a density of 1500 kg m À3 [Ehn et al., 2011] ) and should be above the critical size for all conditions examined. The critical size corresponds to the cluster/particle that is at least as likely to grow as to evaporate. Since this definition is ambiguous in a multicomponent system, in this study, we refer to the sulfuric acid coordinate, i.e., the loss and gain of sulfuric acid molecules, when speaking about the critical size.
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We derive J 1.7 from particle number density measurements in a two-step process. First, we determine J 3.2 (the particle formation rate at 3.2 nm, see Text S2). This is based on a number balance between N 3.2 , i.e., the total particle number ≥ 3.2 nm measured with an ultrafine CPC 3776 (TSI, Inc.) that has a 50% detection cutoff at 3.2 nm (d 50 ) and the particle losses above that cutoff size. In a second step the formation rate at 3.2 nm is used to calculate the formation rate at 1.7 nm (J 1.7 ) by accounting for particle losses occurring while particles grow from 1.7 to 3.2 nm (see Text S2 for the applied methods). This requires knowledge of the growth rate, as well as the loss processes in this size range. When data from instruments with detection thresholds between 1.3 and 2.7 nm are available, these are used to constrain the formation rates in this size range, but we can always calculate J 1.7 based solely on adjusting J 3.2 obtained from the CPC 3776. In general, the various methods agree to within a factor of 2, as shown in Figure S3 in the supporting information. For consistency, we use the J 1.7 values obtained from the CPC 3776 in this work.
During CLOUD3 when the chamber was operated at temperatures below 292 K, the particle counters were cooled to about 280 K to minimize the residence time of particles inside the warm instrument inlets and tubes. During CLOUD5, when the chamber temperature was as low as 208 K, the particle counters were contained in thermal huts, which were cooled to 243 K when the chamber was held at 208 or 223 K [Wimmer et al., 2015] . Despite these efforts, we are aware that the measurements presented here for the low temperatures are potentially subject to uncorrected evaporation effects due to relatively warm instruments. However, to our knowledge no condensation particle counters presently exist that can be routinely operated isothermally at temperatures below 273 K.
When the aerosol passes through the capillary of the CPC conditions are such that the air has sufficient time to equilibrate to the warm conditions of the CPC before it enter the condenser (283.15 K). Therefore, homogenous nucleation due to cold air (below the condenser temperature) mixing with the supersaturated vapor can be ruled out.
When deriving the formation rates at 3.2 nm the assumption is made that the CPC detects all particles above its cutoff size and no particles below the d 50 (step-function approach). In reality the CPC sensitivity is nonzero already at smaller sizes and does not approach unity immediately at the cutoff diameter. Therefore, there were concerns that the step-function approach could result in an erroneous J 3.2 . Ehrhart et al. [2016] simulated the two approaches (step-function versus real CPC counting efficiency curve) and found, however, that for most conditions the error made due to the step-function assumption is rather small.
ACDC Model
The formation of sulfuric acid-ammonia clusters was simulated using the Atmospheric Cluster Dynamics Code (ACDC) Olenius et al., 2013] . The model simulates all possible collision, coagulation, evaporation, and fragmentation reactions, as well as external losses, for a certain set of clusters. Collision and coagulation rates between neutral molecules and clusters are computed directly from kinetic gas theory, while those for ion-neutral collisions are calculated using the parameterization of Su and Chesnavich [1982] ; for ionion recombination a constant value of 1.6 × 10 À6 cm 3 s À1 is used [Israël, 1970] . Evaporation and fragmentation rates are obtained from quantum chemistry Olenius et al., 2013] . In this context fragmentation refers to the evaporation of small clusters from larger clusters, e.g., the fission of a tetramer that can break up into two dimers . The same wall loss parameterization was used as in Almeida et al. [2013] ; the dilution loss was 9.6 × 10 À5 s
À1
. In the present study we have included neutral, negatively, and positively charged clusters containing up to five sulfuric acid and five ammonia molecules. However, some clusters with an unfavorable acid-base ratio have been left out, as discussed by Olenius et al. [2013] . Water molecules and the effect of relative humidity are not taken into account in the simulations.
The steady state formation rate is calculated as the rate of clusters growing larger than the bounds of the simulated system. As these larger clusters are assumed not to evaporate back to smaller sizes, only collisions resulting in clusters with a favorable composition are included in the formation rate. Neutral clusters are allowed to leave the system if they contain at least six acid and five ammonia molecules, negatively charged clusters if they contain at least six acid molecules (including the negative ion) and one ammonia molecule, and positively charged clusters if they contain at least five acid molecules and six ammonia molecules (including the positive ion). Clusters that do not have a favorable composition are brought back to the system by evaporating monomers out of them until they reach the nearest boundary of the simulation system. Note that the formation
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rates calculated by ACDC refer to particles with mobility diameters of approximately 1.5 nm. Therefore, the formation rates would be somewhat smaller if they were extrapolated to 1.7 nm, which is the diameter the CLOUD formation rates refer to. However, this attempt was not made since the comparison to the CLOUD data should provide a qualitative picture of the functional dependencies certain parameters have on the NPF.
When simulating cluster formation under GCR or pion beam conditions, ions are introduced via a constant charger ion source term of 3 or 75 ion pairs cm À3 s
À1
, respectively. These generic charger ions, O 2 À and
, can then collide with either sulfuric acid or ammonia molecules, or with clusters, thereby transferring their charge. Hydration of the charger ions is neglected although it could potentially affect the number concentration of generated HSO 4 À and NH 4 + ions by influencing the charging rate of the primary ions. This effect is, however, within the overall uncertainty related to the ion-neutral collision rate parameterization.
The sensitivity of the modeled particle formation rate to uncertainties in cluster formation free energies was studied by increasing or decreasing all formation energies by 1 kcal mol À1 and rerunning the simulation. At low temperatures and high sulfuric acid and ammonia concentrations, even the highest evaporation rates were at least slightly lower than the corresponding collision rates, and uncertainties in the quantum chemical cluster energies affected the formation rate relatively weakly. On the other hand, at higher temperatures and lower concentrations, collision rates and some of the rate limiting evaporation rates are of approximately the same order of magnitude, and the net particle formation rate is very sensitive to small variations in cluster formation energies, resulting in larger uncertainties.
Ammonia Mixing Ratios
An important part of this study is the evaluation of the ammonia mixing ratios during all of the reported experiments. A detailed discussion of the ammonia quantification can be found in Text S1. The experiments can be separated into two different types: (a) experiments with no added ammonia and (b) with ammonia added from a gas bottle through a dedicated stainless steel gas line. Careful characterization and ammonia measurement with different instruments allow the quantification of ammonia when it was added intentionally. However, even the nominally binary runs are not completely free of ammonia, most likely due to wall desorption. In this respect the walls can both act as a sink for ammonia (when it is added to the chamber) and as a source (when no ammonia is added). The ammonia mixing ratios were also estimated under conditions when no ammonia was added. This enables a comparison with the ACDC simulations. In the atmosphere, there is not a sharp transition from pure binary to ternary nucleation, as ammonia mixing ratios span a wide range, including very low values. Therefore, the transition from binary to ternary can only be adequately taken into account if the background ammonia levels are quantified. Nevertheless, under some conditions, e.g., at the lowest temperatures, 208 and 223 K, the influence of contaminant ammonia is believed to be negligible. At these temperatures the APi-TOF mass spectra show no ammonia in the charged clusters under nominally binary conditions [Duplissy et al., 2016] . This indicates that any background ammonia had no significant influence on nucleation. Evidence supporting this statement can be found in Ehrhart et al. [2016] and Duplissy et al. [2016] . Regarding neutral conditions no ammonia was found in neutral nucleating clusters containing up to 10 sulfuric acid molecules at 208 K [Kürten et al., 2015] . No amines were added to the chamber and a maximum contamination level of 0.1 pptv was estimated by Schobesberger et al. [2015] for the CLOUD3 campaign. For the lower temperatures during CLOUD5 and CLOUD7 amines could not be found in the APi-TOF mass spectra at all.
Results and Discussion
The results shown here include nucleation rates for the truly binary system [Duplissy et al., 2016] , the nominally binary system of sulfuric acid and water (with no added ammonia, but with a potential contribution of ammonia to the particle formation), and the ternary system with the addition of ammonia. In Duplissy et al. [2016] , a run (experiment) was marked as pure binary based on the APi-TOF measurements. The maximum ratio between the measured concentration of contaminated clusters (containing x sulfuric acid molecules and one ammonia molecule) and the concentration of pure sulfuric acid clusters (containing only x sulfuric acid molecules) was evaluated for 4 ≤ x ≤ 10. A threshold of 0.05 for the maximum allowed impurity was selected to discriminate between "pure H 2 SO 4 -H 2 O binary" (ratio smaller than 0.05) and "ammonia contaminated" experiments (ratio larger than 0.05). In this way, all runs at 208 and 223 K were identified as binary as well as some runs at 248 and 278 K. Regarding further discussion about this discrimination we would like to refer the reader to Duplissy et al. [2016] . Although the focus of the paper is on the ternary nucleation rates, it is important for Journal of Geophysical Research: Atmospheres
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the discussion to relate them to the binary system. For temperatures of 248 K and higher, there is evidence that the nominally binary nucleation rates are affected by contaminant ammonia [Schobesberger et al., 2015; Duplissy et al., 2016] , which seems to have an especially strong effect on the neutral nucleation rates. This is supported by a comparison between the CLOUD data and nucleation rates calculated from the Sulfuric Acid Water NUCleation model (SAWNUC; [Ehrhart et al., 2016] ). We present calculated nucleation rates from the ACDC model for the sulfuric acid-ammonia system and compare them to the measured J 1.7 for different NH 3 mixing ratios. Results from the ACDC simulations are shown for J n , J GCR , and J π . The uncertainty range for ACDC is shown only for the neutral conditions for clarity. The numbered black and grey lines indicate fit curves for which the parameters are provided in Table 2 .
Journal of Geophysical Research: Atmospheres 10.1002/2015JD023908
CLOUD Nucleation Rates Versus Sulfuric Acid Concentration
First we shall discuss the measured data without considering the model results. Subsequently, we shall compare the ACDC model and CLOUD data.
At different chamber temperatures the nucleation rate J 1.7 was determined for different sulfuric acid concentrations and ammonia mixing ratios. In addition, the nucleation rate was measured under neutral (J n ), galactic cosmic ray (J GCR ), or pion beam (J π ) conditions. For most experiments the RH was set to 38%. In some cases, however, the RH varied as well, but no systematic exploration of the RH dependency of J was performed. As mentioned in Text S1 a contaminant ammonia level was assigned to each temperature. Especially for the two lowest temperatures (208 and 223 K) the background ammonia is very low and very likely had no effect on the nominally binary nucleation rates.
Together with the experimental data and the ACDC simulations some fit curves are shown in the Figures 1-4 (black and grey lines). These are not used to derive information about the number of molecules contained in the critical cluster, as it was shown recently that the slope of J versus [H 2 SO 4 ] is strongly influenced by wall loss in chamber or flow tube experiments under certain conditions [Ehrhart and Curtius, 2013; Kupiainen-Määttä et al., 2014; Malila et al., 2015] . However, the fit curves serve two purposes: (1) they guide the eye for reading the figures more easily and (2) they are used for normalizing the nucleation rates to a certain sulfuric acid concentration (Text S4). The decision whether a straight-line fit on a log-log plot or a polynomial fit is used was based on the visual impression of the data, although it can be generally said that if only a small range of concentrations is covered, the data can be well represented by a straight-line and if a wider range is covered, a curved shape of the fit curve is better. The parameters for the fits can be found in Table 2 , and the numbers in brackets written next to the curves in the figures indicate the corresponding set of values in the table.
3.1.1. Chamber Temperature of 208 K Figure 1 (top) shows the results for a temperature of 208 K, which was the lowest temperature established in the chamber during CLOUD5 and CLOUD7. The nucleation rates were determined at nominally binary conditions, i.e., without the addition of NH 3 . Another set of experiments was carried out at an ammonia mixing ratio of approximately 5 pptv. Clearly, the nucleation rates are strongly enhanced, by about 3 orders figure) . The nominally binary nucleation rates (blue color) correspond to an estimated contaminant ammonia level of~0.3 pptv. Results from the ACDC simulations are shown for J n , J GCR , and J π . The numbered black and grey lines indicate fit curves for which the parameters are provided in Table 2 .
Journal of Geophysical Research: Atmospheres Results from the ACDC simulations are shown for J n , J GCR , and J π while the uncertainty range is only shown for the neutral data with 2 pptv of ammonia (nominally binary in Figure 3 , top) for clarity. The numbered black and grey lines indicate fit curves for which the parameters are provided in Table 2 .
Journal of Geophysical Research: Atmospheres
10.1002/2015JD023908
No significant enhancing effect from ion-induced nucleation is evident for the binary or the ternary system at this low temperature (see section 3.5 and Ehrhart et al. [2016] ).
Chamber Temperature of 223 K
The experimental data were obtained for acid concentrations between 1 × 10 6 and 3 × 10 7 cm À3 (Figure 1,   bottom) . The effect of the addition of~6 pptv ammonia is very similar to the situation at 208 K. At a sulfuric . Nucleation rates for neutral (J n ), GCR (J GCR ), and pion beam (J π ) conditions as function of the sulfuric acid concentration at chamber temperatures of (top) 292 K and (bottom) 298 K. The color code of the symbols shows the ammonia mixing ratio in Figure 4 (top) (arrows next to the legend indicate the NH 3 mixing ratios in the figure) , where the background level is approximately 4.3 pptv. Results from the ACDC simulations are shown for J n , J GCR , and J π . In Figure 4 (bottom) the color code represents the relative humidity because ammonia was assumed to be constant at~6 pptv. The ACDC simulation for an ammonia mixing ratio of 6 pptv (and 0% RH) is shown as well. The numbered black and grey lines indicate fit curves for which the parameters are provided in Table 2 . Data from Glasoe et al. [2015] and Zollner et al. [2012] are shown by the colored straight lines (dash-dotted in Figure 4 , top, dash-dotted and solid in Figure 4 , bottom).
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acid concentration around 4 × 10 6 cm
À3
, the enhancement factor compared to binary nucleation reaches a value of~10 3 . Ammonia was added also at~0.5 pptv, which already significantly increased the nucleation rates. The dependency of J on ammonia is further discussed in section 3.3. Nucleation rates equal to, or larger than 1 cm À3 s
À1
, occur if the acid concentration exceeds 1.5 × 10 6 cm À3 or 8 × 10 6 cm
À3
, depending whether~6 pptv of ammonia or no ammonia is added to the chamber, respectively. Again, since observed sulfuric acid concentrations can reach such concentrations , both the binary and the ternary NH 3 system would, in principle, be capable of explaining nucleation in the upper troposphere or very cold boundary layer regions. The relatively large scatter in the data under nominally binary conditions is not random but related to the fact that different RHs (11, 25, and 50% with respect to supercooled water) were tested at 223 K. Further information about the effect of the RH can be found in Duplissy et al. [2016] , supporting information Text S3, and Figure S5 . 3.1.3. Chamber Temperature of 248 K At 248 K the nucleation rate depends strongly on the presence of ions for the nominally binary experiments (Figure 2) . At [H 2 SO 4 ] = 10 7 cm À3 the nucleation rates obtained at beam conditions are about 2 orders of magnitude higher than under neutral conditions. Compared to all other conditions, the log-log slope of 2.4 for the neutral nominally binary nucleation rates is the smallest one observed (see Table 2 ). Such behavior could be explained by the presence of contaminant NH 3 , which stabilizes the neutral clusters and leads to higher nucleation rates than in the pure binary case. If there were a rather constant contaminant ammonia level, then its influence should decrease with increasing [H 2 SO 4 ] because the cluster formation rates would be limited by the availability of NH 3 . This assumption is supported by the fact that the APi-TOF detects ammonia in the clusters containing four or more sulfur atoms during the nominally binary charged runs at this temperature [Schobesberger et al., 2015] . The relative abundance of these ammonia-containing clusters decreases with increasing [H 2 SO 4 ], suggesting that the NH 3 contaminant is just at a level where its influence crucially depends on the ratio of the sulfuric acid to the background ammonia. The background level of NH 3 at 248 K has been estimated to be~0.3 pptv (i.e.,~10 7 cm
, see the supporting information). If this were indeed the case, then even at an ammonia-to-sulfuric acid concentration ratio of ≤1, the ammonia can have a substantial effect on the neutral nucleation rate at this temperature. In the neutral channel ammonia likely assists in the stabilization of the very small clusters starting with the dimer [Hanson and Eisele, 2002] . When the ammonia-to-sulfuric acid ratio decreases due to an increasing acid concentration, the chance that a sulfuric acid dimer will be stabilized by an ammonia molecule before it evaporates decreases.
The contaminant NH 3 does not seem to enhance the ion-induced nucleation rate substantially; this follows from the good agreement of the experimental binary charged nucleation rates with the SAWNUC results [Ehrhart et al., 2016] . As indicated by the APi-TOF data, the larger charged clusters efficiently collect NH 3 molecules, which, however, seem not to lead to any significant enhancement in the formation rates. This would indicate that the charged critical cluster, if it exists at this temperature (see section 3.4), is smaller than the tetramer Where two parameters are given, the data are fitted according to log(J) = a + b•log(x) (where x = [H 2 SO 4 ]; the parameters are given in the order of a and b); three parameters are provided when the data are fitted to a second-order polynomial., i.e., according to log(J) = k 0 + k 1 •log(x) + k 2 •(log(x)) 2 (order k 0 , k 1 , and k 2 ). The numbers in brackets written next to the parameters indicate the labeled fit curves in Figures 1-4 . Note that these simple relationships are different from the parameterization used by Dunne et al., [2016] and are only considered to be valid over a narrow range of [H 2 SO 4 ].
b Parameters were derived by merging all J values (J n , J GCR , and J π ).
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because ammonia evaporates rapidly from the smallest charged clusters [Kirkby et al., 2011; Ortega et al., 2014; Schobesberger et al., 2015] . Classical nucleation theory normalized by quantum chemical calculations predicts that ion-induced binary particle formation is kinetic under these conditions, so that it proceeds directly from a collision between the bisulfate ion and the sulfuric acid molecule [Duplissy et al., 2016] .
Adding approximately 10 pptv of ammonia increases the nucleation rates substantially over the nominally binary neutral case, leading to similar rates to those for binary ion-induced conditions. Increasing the ammonia level to more than 100 pptv increases the nucleation rates compared with the binary charged and the ternary neutral values at 10 pptv. At NH 3 levels above several pptv, if at all, only a minor enhancement due to charges is evident (see section 3.5).
Chamber Temperature of 278 K
The data obtained for 278 K, shown in Figure 3 , exhibit similar behavior as seen at 248 K, discussed above. For sulfuric acid concentrations below 10 9 cm À3 , ions substantially enhance the nucleation rates for the nominally binary system (Figure 3 , top and also Kirkby et al. [2011] ). However, in contrast to the data at 248 K, enhancement due to ions is also observed for the ternary NH 3 conditions (Figure 3 , bottom). The contaminant background ammonia level has been estimated to be~2 pptv (i.e.,~5 × 10 7 cm À3 ), and the APi-TOF data suggest that ammonia is participating in the nominally binary nucleation [Schobesberger et al., 2015] , although the SAWNUC comparison indicates that under pion beam conditions, it has no significant effect [Ehrhart et al., 2016] . Adding NH 3 to the chamber strongly enhances the nucleation rates. This effect will be discussed further below (section 3.3). It is important to note that our results indicate that ternary nucleation involving ammonia could be an important mechanism for nucleation in the polluted boundary layer when temperatures are not too high (i.e., 278 K in this example). At GCR (boundary layer) conditions and an ammonia level of~100 pptv, a nucleation rate of 1 cm À3 s À1 is reached at a sulfuric acid concentration of~4 × 10 7 cm À3 .
Chamber Temperature of 292 K
At 292 K the nominally binary nucleation rates show an enhancement due to the presence of charges (Figure 4, top) . However, the enhancement is somewhat smaller than for the temperatures at 248 and 278 K. This could be due to a stronger influence of contaminant ammonia, which could be stabilizing the neutral clusters more strongly than the charged clusters. The addition of ammonia up to a level of~1400 pptv increases the nucleation rates by orders of magnitude. Again, in strongly polluted areas where ammonia occurs at levels of several hundred pptv, appreciable nucleation can occur below sulfuric acid concentrations of 10 8 cm
À3
. Therefore, some observed nucleation in polluted areas could, in principle, be explained by the ternary system of H 2 SO 4 -H 2 O-NH 3 and would not necessarily rely on the presence of amines [Chen et al., 2012] or other organic pollutants [Zhang et al., 2004; Riccobono et al., 2014] . However, their presence further increases nucleation rates. Furthermore, evidence exists that synergistic effects between ammonia and amines can be important in atmospheric nucleation [Yu et al., 2012; Glasoe et al., 2015] . 3.1.6. Chamber Temperature of 298 K Results for the warmest temperature studied, 298 K, are shown in Figure 4 (bottom). For those experiments, no ammonia was intentionally added to the chamber, so all experimental data were obtained at the contaminant NH 3 level, estimated to be~6 pptv (i.e., 1.5 × 10 8 cm À3 ). However, three sets of different RH values, i.e., 20%, 38%, and 74%, were studied, respectively. At this temperature the RH seems to have a very strong effect on the neutral and charged nucleation. However, we cannot rule out that this strong influence could also be related to an increase in the ammonia background level that might be correlated with the RH inside the chamber. Vaittinen et al. [2014] reported a strong effect of the water concentration on the desorption of ammonia from surfaces. Therefore, the increase in RH could lead to a displacement of ammonia from the chamber walls and lead to an elevated NH 3 background level and consequently to higher nucleation rates. It is interesting to note that the slope of J versus [H 2 SO 4 ] is very flat at the lowest RH of 20%. This could indicate that nucleation is limited with respect to the availability of H 2 O or contaminant NH 3 . However, the number of data points is quite low, so this cannot be unambiguously shown. Clearly, in future CLOUD studies, the effect of varying RH should be studied in more detail while ensuring that the level of contaminants is insignificant.
Comparison Between CLOUD Data and Previous Studies at 292 and 298 K
Recently, Glasoe et al. [2015] investigated the effect of seven bases on the particle formation rate for the system of sulfuric acid and water (plus the added base). Among the different bases the addition of ammonia was also
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where the concentrations of sulfuric acid and ammonia are used in units of cm À3 . The equation is derived from data measured at a temperature between 296 and 300 K and at a relative humidity of 28%. For the conditions of the flow tube study with relatively high sulfuric acid concentrations (>~2 × 10 9 cm
À3
) we assume that the particle formation was mainly due to neutral conditions. Figure 4 (top) includes two curves calculated from equation (1) by using ammonia mixing ratios of 4.3 pptv (estimated contaminant level of ammonia at 292 K; Figure 4 , dash-dotted blue line) and 1000 pptv (Figure 4 , dash-dotted red line). Both lines show relatively good agreement with the CLOUD data, especially for the nominally binary conditions with an estimated ammonia level of 4.3 pptv. Regarding this estimation the comparison between data from this study and from Glasoe et al. [2015] indicates that our reported ammonia background should be quite accurate. For higher NH 3 mixing ratio the agreement is also quite good, which is discussed further below (section 3.3.3).
The data at 298 K (Figure 4 , bottom) are also compared to equation (1) for an estimated ammonia background level of 6 pptv ( Figure 4 , dash-dotted cyan line). Equation (1) is derived for conditions of 28% RH; the agreement with the CLOUD data for an RH of 38% (cyan data points) is relatively good.
Another study reports binary nucleation rates from the same flow tube . We have used the data from Zollner et al. [2012] to derive an expression for the particle formation rate at an RH of 40% and a temperature of 296 to 300 K:
The sulfuric acid concentrations from Zollner et al. [2012] were between 2 × 10 9 and 1 × 10 10 cm À3 , therefore using equation (2) in Figure 4 (bottom) extrapolates their conditions to lower sulfuric acid (solid cyan line). These formation rates are lower by up to 3 orders of magnitude compared to the data from our study (cyan symbols), indicating that contaminant ammonia did indeed play a role at these warm temperatures. This is also confirmed by the good agreement between equation (1) and our data when using the estimated background ammonia level (see above).
ACDC Nucleation Rates Versus Sulfuric Acid Concentration 3.2.1. Chamber Temperature of 208 K
The calculated nucleation rates from the ACDC model for an ammonia mixing ratio of 5 pptv are in good agreement with the experimental data (Figure 1, top) . The simulated nucleation rates for the nominally binary runs are about a factor of 100 lower than the measured values. For this simulation, 0.012 pptv of ammonia was assumed, which is the estimated background ammonia mixing ratio (see Text S1). However, the nucleation rates under these conditions are unlikely to be strongly influenced by the ternary system with ammonia but are more likely pure binary as shown elsewhere [Duplissy et al., 2016; Kürten et al., 2015; Ehrhart et al., 2016] . Therefore, only sulfuric acid and water vapor participate in the cluster formation. Since water vapor is not included in the ACDC simulations presented here, this underestimation of the formation rates is reasonable. The simulations predict only a minor enhancement in J for GCR and pion beam conditions, which is in qualitative agreement with the CLOUD data.
Chamber Temperature of 223 K
The ACDC simulations agree well with the experimental data for the simulated ammonia mixing ratios of 0.05, 0.5, and 6 pptv shown in Figure 1 (bottom). As stated above, the ACDC simulations do not include water, so the good agreement at the background ammonia level could indicate that 0.05 pptv of ammonia has a similar effect on the nucleation rates in ACDC as 38% RH has on the experimental nucleation rates. There is good agreement between the CLOUD data showing the absence of ammonia in sulfuric acid clusters with predictions from the SAWNUC model [Ehrhart et al., 2016] and classical nucleation theory normalized by quantum chemical calculations [Duplissy et al., 2016] . The predicted enhancement in J due to charges is minor.
Chamber Temperature of 248 K
The agreement between ACDC and the measured nucleation rates is not as good at 248 K as it is for the lower temperatures (Figure 2 ). Over the range of sulfuric acid concentrations studied for the nominally binary neutral runs (i.e., at a background ammonia level of~0.3 pptv), the ACDC prediction yields about a factor of 5 to 100 higher
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nucleation rates with a slightly steeper slope. For GCR and pion beam conditions (at 0.3 pptv of ammonia), there is on average a slight over-prediction by the model. In addition, ACDC underpredicts the enhancement by GCR compared to neutral conditions. The simulated nucleation rates at 140 pptv of ammonia show a slightly steeper slope as a function of the sulfuric acid concentration than the measurements; this results in an overestimation of a factor of~50 at [H 2 SO 4 ] = 1 × 10 7 cm À3 . At this high ammonia concentration no significant enhancement in the nucleation rate from ions is predicted. Despite the increasing discrepancy between ACDC and the experimental data, the agreement is still quite good, and the functional behavior of the experimental data is well represented by the model. However, one should note that the uncertainty range spans 3 to 4 orders of magnitude for the nominally binary neutral simulation. Table 2 (parameter set (2) for 208 K and (4) for 223 K). The colored lines represent the nucleation rates calculated using ACDC for neutral, GCR, and pion beam conditions.
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3.2.4. Chamber Temperature of 278 K The nucleation rates calculated by ACDC for 278 K (Figure 3) show similar behavior to that for 248 K. Under nominally pure binary conditions, i.e., at approximately 2 pptv of ammonia, the simulated neutral nucleation rates are a factor 10 to 200 higher than the measured ones over a range of 5 × 10 7 to 1 × 10 9 cm À3 in [H 2 SO 4 ] (Figure 3, top) . The larger deviation occurs at the higher sulfuric acid concentrations. Moreover, the slope of the calculated J values is somewhat higher than the experimentally determined slope (Table 2) . For GCR and pion beam conditions at 2 pptv of ammonia, the agreement is quite good at the higher acid concentrations, but below 1 × 10 8 cm
À3
, the discrepancy increases. For the higher ammonia levels the disagreement between ACDC and the experiment becomes very pronounced, meaning that ACDC is overpredicting the Figure 6 . Nucleation rates as function of the ammonia mixing ratio. The [H 2 SO 4 ] is (top) 1 × 10 7 cm À3 for 248 K and (bottom) 6.5 × 10 7 cm À3 for 278 K. The diamond symbol does not represent directly measured nucleation rates. Instead, its value was calculated from the parameters shown in Table 2 (parameter set (7) for 248 K). The colored lines represent the nucleation rates calculated using ACDC for neutral, GCR, and pion beam conditions.
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nucleation rates. The discrepancy reaches up to about 4 orders of magnitude due to a stronger dependence on NH 3 compared to the measurements (Figure 3, bottom) . Due to the high sensitivity of the calculated nucleation rates on the cluster evaporation rates, the ACDC uncertainty ranges become large for the warmer temperatures covering many orders of magnitude. For clarity only the uncertainty for the nominally binary neutral nucleation is shown.
Chamber Temperature of 292 K
The ACDC predictions show a good agreement with the measured nucleation rates for background ammonia conditions (Figure 4, top) . This is somewhat surprising because for the temperatures of 248 and 278 K the disagreement was significant. Due to the high uncertainty of the model calculations (see below) the agreement could be coincidental. Only in the ion-induced channel does ACDC overpredict the nucleation rates at the lower sulfuric acid concentrations. For the higher ammonia mixing ratios the simulated nucleation rates are up to about 4 orders of magnitude higher than the measured ones (neutral conditions at~1000 pptv of ammonia). Again, it has to be noted here that the ACDC predictions include very high uncertainties covering many orders of magnitude (e.g., 9 orders of magnitude at 5 × 10 8 cm À3 of sulfuric acid for neutral nominally binary conditions).
Because the uncertainty range would cover the whole figure it has been neglected in Figure 4 . 3.2.6. Chamber Temperature of 298 K The varying relative humidities at 298 K had a strong influence on the nucleation rates. Since the effect of water vapor is not considered in the simulations the predicted and measured nucleation rates cannot be directly compared (Figure 4, bottom) . Clearly, the effect of RH needs to be further studied both experimentally and by quantum chemical calculations [e.g., Henschel et al., 2014] . Model studies using thermochemical data from measurements investigating the binary nucleation of sulfuric acid and water can be found elsewhere Ehrhart et al., 2016] .
Nucleation Rates as Function of the Ammonia Mixing Ratios
The dependence of the nucleation rates on the ammonia mixing ratios is shown in Figures 5-7 and Figures S6-S8. For each temperature the formation rates within a narrow range (±25%) of [H 2 SO 4 ] were identified; the midpoints of these ranges are 1.7 × 10 6 cm À3 (208 K), 6.2 × 10 6 cm À3 (223 K), 1 × 10 7 cm À3 (248 K), 6.5 × 10 7 cm À3 (278 K), and 1.5 × 10 8 cm À3 (292 K). Because the data coverage is sparse for some temperatures and conditions (regarding the sulfuric acid concentration and the ammonia mixing ratio), interpolation or . The diamond symbol does not represent directly measured nucleation rates. Instead, its value was calculated from the parameters shown in Table 2 (parameter set (15)). The colored lines show the nucleation rates calculated using ACDC for neutral, GCR, and pion beam conditions. Data from Glasoe et al. [2015] are shown by the dashed blue line.
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extrapolation was applied to estimate representative values from the functions and parameters provided in Table 2 . It has to be noted that the expressions from Table 2 are not meant to be indicative for the nucleation processes. Instead, they provide an easy way to summarize the data for certain conditions. In addition to the directly measured nucleation rates (and the few data points from the extrapolation/ interpolation), additional analysis was performed by normalizing all J values for one temperature to a certain sulfuric acid concentration (see Text S4). Although this has the advantage that more data points are available (thereby improving the statistical significance), the method involves the uncertainty regarding the fit parameters, which are only derived for a subset of the data over a rather narrow range of the ammonia mixing ratios. Nevertheless, the two different methods (Figures 5-7 and Figures S6 to S8) show very similar results.
The experimental data were compared to model results from ACDC for neutral, GCR, and pion beam conditions. ). For pure binary conditions (at contaminant NH 3 level), the experimental data agree within error bars with the ACDC curves. However, as mentioned above, the simulations do not account for the effect of water vapor. Therefore, the good agreement for the very low ammonia mixing ratios is likely for the wrong reason. The existence of water in the experiment seems to have an effect that is comparable to that of ammonia in the ACDC simulations. This is, however, speculative because the background NH 3 levels are not known accurately. At 208 K and a NH 3 mixing ratio above several pptv, the simulated nucleation rates reach a plateau (Figure 5, top) . At this temperature, ACDC modestly underestimates the measured nucleation rates. The fact that the simulated nucleation rates approach a plateau indicates that the new particle formation is limited by the availability of sulfuric acid. At 223 K the addition of less than 1 pptv of ammonia leads to an enhancement in J of a factor 100 ( Figure 5 , bottom), although one has to note that the uncertainty in the NH 3 mixing ratio is quite large. At an even higher ammonia level of~6 pptv, the enhancement factor compared to the pure binary system reaches a value of >1000, which demonstrates the very strong effect of small amounts of NH 3 at these temperatures and low acid concentrations.
Chamber Temperatures of 248 and 278 K
In Figures 6 and S7 the results are shown for temperatures of 248 and 278 K. For both temperatures the ACDC simulations overestimate the nucleation rates for the high NH 3 mixing ratios. This overestimation could be due to an overestimation in the cluster stability. The addition of~100 pptv of ammonia at 248 K enhances J by about 3 orders of magnitude compared to the nominally binary system for neutral conditions (Figure 6, top) . Here it is important to remember that even the nominally binary neutral runs are very likely affected by contaminant NH 3 . For the nominally binary experiments a clear charge effect can be observed. The formation rate under beam and nominally binary conditions was obtained from the fit parameters shown in Table 2 since no directly measured formation rates are available at an acid concentration of 1 × 10 7 cm
À3
. The charge enhancement seems to decrease substantially for the high NH 3 levels (section 3.5). The enhancement in J due to the addition of ammonia is similar for 278 K (Figure 6 , bottom), but here the charge effect is pronounced even at several hundred pptv of ammonia, which is not reflected by the ACDC simulations. Eventually, the charge effect decreases because the nucleation rates reach values that are close to the ionization rate; the ion-induced nucleation rates saturate. However, there are only a few data points at the high ammonia mixing ratios. The charge effect will be further discussed in section 3.5.
Chamber Temperature of 292 K
In Figures 7 and S8 the dependence of J on the ammonia mixing ratio is shown for 292 K. The nucleation rate is again a strong function of the ammonia mixing ratio. At the lowest ammonia levels the charge enhancement is pronounced; it is even somewhat higher at the higher NH 3 mixing ratios. No clear saturation effect is visible for the ion-induced nucleation pathway in contrast to 278 K. As in the simulation at 278 K, ACDC does not predict a significant charge enhancement once the ammonia level exceeds a certain threshold. This can be interpreted such that the neutral cluster evaporation rates are underestimated.
The data by Glasoe et al. [2015] are included in Figure 7 (dashed blue line) by using a constant sulfuric acid concentration of 1.5 × 10 8 cm À3 in equation (1). For most ammonia mixing ratios the agreement with the CLOUD data is very good, except for the highest ammonia mixing ratios where the CLOUD data yield formation rates
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that are about 1 order of magnitude lower than the ones from Glasoe et al. [2015] . However, it has also to be noted that the temperatures for the two experiments are slightly different (292 K in CLOUD and~298 K for Glasoe et al. [2015] ). Since an increasing temperature has the tendency to lower particle formation rates the comparison is more of a qualitative nature.
Nucleation Rate Versus Temperature
The temperature dependence of J between 208 and 278 K at otherwise constant nominally binary conditions is shown in Figure 8 . (pion beam conditions), respectively. For this reason some nucleation rates were extrapolated in order to obtain values at 3 × 10 7 cm À3 . The functional relationships given in Table 2 were used to calculate the nucleation rates at the four different temperatures. Extrapolating a nucleation rate bears some risk, but since the differences between the measured [H 2 SO 4 ] range and the concentration where the nucleation rates are extrapolated to are small (at maximum a factor of 2), it is assumed that the errors stay in a reasonable range.
At the two lowest temperatures (208 and 223 K), no clear difference could be observed between neutral and pion beam conditions. Since the ionization rate is~75 ion pairs cm À3 s
À1
, and the nucleation rates at the two lowest temperatures clearly exceed this value, the preferred nucleation pathway has to be the neutral one under these conditions [Ehrhart et al., 2016] . However, at 248 K a very pronounced charge enhancement is observed. The nucleation rate under pion beam conditions is about 2 orders of magnitude higher than the neutral nucleation, even though the neutral nucleation rate is probably more strongly affected by contaminant ammonia. This indicates that the ion-induced nucleation mechanism is very efficient. At 278 K the nominally binary data are very likely biased toward higher values due to the presence of contaminant ammonia. Nevertheless, the ion-induced pathway yields a nucleation rate that is about a factor of 100 higher than the neutral nucleation. At this temperature we cannot rule out that even the charged nucleation is influenced by contaminant ammonia, although the effect is probably small [Duplissy et al., 2016; Ehrhart et al., 2016] .
It is important to note that the ion-induced nucleation rates include a contribution from the neutral channel. Therefore, the charged channel becomes almost negligible for the very low temperature of 208 K although ion-induced nucleation is proposed to be barrierless already at temperatures below approximately 250 K (for RH~40% and [H 2 SO 4 ] = 1 × 10 7 cm À3 [Lovejoy et al., 2004] ). The neutral nucleation pathway dominates at the lower temperatures because of the strong decrease of the cluster evaporation rates [Kürten et al., 2015; Schobesberger et al., 2015] . Even if the charged clusters have lower evaporation rates than neutral clusters, their formation rate is limited by the ionization rate and the resulting low ion concentrations [Raes and Janssens, 1985; Lovejoy et al., 2004; Hanson and Lovejoy, 2006] . Therefore, neutral nucleation will always dominate at low temperature, i.e., when evaporation rates are low, or when sulfuric acid concentrations are high. Even . The values were determined according to the relationships shown in Table 2 . Note that the data points marked with an arrow at 248 and 278 K are likely lower for the "true" binary case because under these conditions signs of an influence by contaminant ammonia were found. Data points are slightly offset from their position on the x axis for improved readability and lines are provided to guide the eye.
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though very stable clusters can be formed in the case of ion-induced nucleation at low temperature, particle formation rates can still be lower than the ion pair production rate because of losses (e.g., wall loss and ionion recombination), which are especially important when particle growth is slow [Ehrhart and Curtius, 2013] . If ammonia is added to the system, the neutral cluster evaporation rates will be even lower compared to the binary case [Kürten et al., 2015] , making the charge effect even smaller.
Charge Enhancement Factors
The presence of charges generally enhances the nucleation rate for the truly binary system (with higher enhancement at higher temperature) [Duplissy et al., 2016; Ehrhart et al., 2016] and for the nominally binary and the ternary system involving ammonia [Kirkby et al., 2011] . Figure 9 shows the charge enhancement Journal of Geophysical Research: Atmospheres 10.1002/2015JD023908 factor (CEF), i.e., the ratio of J IIN to J n , where the ion-induced nucleation rate J IIN is either J GCR or J π , respectively. The charge enhancement factors have been evaluated for the different temperatures. In addition, for calculating these factors, the data were segregated with respect to certain ranges of ammonia levels. These ranges are indicated for each data point by the horizontal bars, and CEF are plotted against the mean ammonia level where the lowest level always indicates the nominally binary data for each temperature. The bars in the vertical direction indicate the error of the ratio calculated from the mean uncertainties of J IIN and J n .
It is important to note that the calculated enhancement factors depend also on the sulfuric acid concentration. In general, when going to high sulfuric acid concentrations, the neutral nucleation rates will eventually exceed the ion pair production rate; as a result, the charge enhancement factors approach unity. Therefore, the values shown in Figure 9 provide a snapshot of the charge effect at the indicated conditions. If one wants to take into account also the influence of [H 2 SO 4 ] the full parameterization of the data should be used [Dunne et al., 2016] .
At 208 K there is no sign that the presence of charges significantly increases the nucleation rates at a sulfuric acid concentration of [H 2 SO 4 ] = 1.7 × 10 6 cm
À3
. Considering the error bars, the enhancement under GCR conditions at 223 K is not very significant. This is supported if one takes into account that the data point at~0.5 pptv is a result of only two nucleation experiments (one under neutral and one under GCR conditions) and has therefore only a weak statistical significance. At 248 K the charge enhancement factor reaches a value of~50 under pion beam conditions and a value of~7 under GCR conditions. The slight charge enhancement seen for ammonia mixing ratios of several pptv (CEF of~2 in Figure 9 at~3.5 pptv of NH 3 ) is not significant because only one neutral experiment is taken into account. The charge enhancement even disappears when taking into account more data points due to the normalization ( Figure S7, top) . On the other hand, even lower levels than the estimated background of 0.3 pptv could lead to even bigger enhancement factors because it seems likely that the neutral nucleation rates under nominally binary conditions are more strongly affected by contaminant ammonia than the ion-induced nucleation rates. A very strong charge enhancement under these conditions is also seen in the SAWNUC calculations [Ehrhart et al., 2016] . At 278 K the presence of charges leads to an increase in the nucleation rates, which seems to be almost independent of ammonia over the investigated range. The value of the CEF spans a range from 5.6 (GCR conditions at highest ammonia level) to 62 (pion beam conditions at highest ammonia levels). At 292 K the situation is similar to the one at 278 K. The ion-induced nucleation rates under pion beam (GCR) conditions are a factor 11 to 51 (3 to 5) higher than the neutral ones.
In summary, the data show that ion-induced nucleation is not very important at low temperatures. When going to 248 K, ion-induced nucleation is significantly more efficient than neutral nucleation when ammonia levels are low. However, at elevated ammonia mixing ratios the enhancement due to ions disappears because in the neutral nucleation pathway ammonia molecules can efficiently stabilize the clusters. The neutral cluster concentrations overwhelm the charged cluster concentrations where ammonia does not have an effect on the smallest sizes because it rapidly evaporates until at least four sulfuric acid molecules (including the bisulfate ion) are present in the cluster [Olenius et al., 2013; Schobesberger et al., 2015] . At even higher temperatures (278 and 292 K) the presence of charges increases the nucleation rates also at high ammonia mixing ratios. This indicates that despite the fact that ammonia stabilizes the neutral clusters, their evaporation rates are still rather high, and therefore, ion-induced nucleation can compete with and even overwhelm neutral particle formation.
Summary and Conclusions
More than 300 individual particle formation rates at a mobility diameter of 1.7 nm were presented from measurements at the CLOUD chamber. Different temperatures between 208 and 298 K were adjusted probing a range of sulfuric acid concentrations and ammonia mixing ratios. Furthermore, the effect of ion-induced nucleation was extensively studied by either eliminating the effect of ions through the use of a high-voltage clearing field (neutral conditions) or by allowing ions from galactic cosmic rays (GCR conditions) or a pion beam (pion beam conditions) from the CERN proton synchrotron to participate in the formation of new particles. The data set is used to derive a parameterization, which is presented elsewhere [Dunne et al., 2016] . The parameterized particle formation rates are implemented into the GLObal Model of Aerosol Processes [Dunne et al., 2016] .
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The data show that nucleation rates strongly decrease with increasing temperature. Both ions and ammonia have an enhancing effect on the nucleation rates [Kirkby et al., 2011; Zollner et al., 2012; Glasoe et al., 2015] . At low temperatures (208 and 223 K) when the neutral clusters are already pretty stable and the sulfuric acid concentration is not too low, charges do not have a significant effect on nucleation. However, when ammonia is present in the pptv range, it enhances the nucleation rates significantly. At higher temperatures (248 K) ions have a strong effect on the binary system (because the neutral cluster evaporation rates are significant), but not on the ternary system because the more abundant ammonia molecules stabilize the clusters very efficiently. At even higher temperatures (278 and 292 K), both the binary and the ternary system show elevated nucleation rates under the presence of ions because the neutral cluster evaporation rates are high and therefore the addition of charge efficiently stabilizes the clusters.
Regarding the importance of ion-induced nucleation, we want to emphasize that the CLOUD data suggest where this effect should be most important. At 248 K and the lowest ammonia levels (i.e., under nominally binary conditions) the enhancement in the nucleation rates due to the presence of charges is high, while nucleation is efficient at the same time due to the rather low temperature. Consequently, in clean upper tropospheric regions where ionization rates are high and the levels of ternary substances are low, the ioninduced nucleation pathway could be dominant [Lee et al., 2003; Lovejoy et al., 2004] .
Neutral and ion-induced nucleation rates were also calculated with the Atmospheric Cluster Dynamics Code (ACDC) and evaporation rates calculated by quantum chemistry. The nucleation rates were calculated for different levels of sulfuric acid and ammonia. The effect of water vapor was not taken into account; therefore, it is unreasonable to expect the simulations to reliably predict the formation rates for conditions when the ammonia levels are low and binary nucleation is the preferred pathway. Given this limitation, the formation rates at the two lowest temperatures (208 and 223 K) agree with the simulations within the uncertainties. Other model approaches, using, e.g., thermochemical data from experiments for binary nucleation could be used for such conditions Ehrhart et al., 2016] . The formation rates in the ternary system at 248 K also agree quite well (1 to 2 orders of magnitude deviation between measurements and simulations). However, for the warmer temperatures the deviation between the modeled and the measured data becomes larger reaching many orders of magnitude. This suggests that the quantum chemical data used overestimate the binding of the clusters. Because of the exponential dependence of evaporation rates on cluster formation energies, even small uncertainties in the cluster formation energies translate to big changes in the formation rates. Nevertheless, generally the simulated and measured formation rates show a very similar trend as a function of the sulfuric acid concentration and the ammonia mixing ratio. Chen et al. [2012] suggested that nucleation in polluted areas can be explained by the system involving sulfuric acid, water, and ammonia or amines. This study, in principle, confirms that nucleation even under relatively warm conditions (278 and 292 K) could be explained by the ternary system involving ammonia when sulfuric acid concentrations exceed several 10 7 cm À3 although our nucleation rates are much lower than the ones reported by Chen et al. [2012] . However, the study by Chen et al. [2012] cannot be directly compared to this one due to the possible presence of amines (or oxidized organics) during the ambient measurements and also due to the fact that they reported particle formation rates for a smaller diameter of 1 nm. When comparing our data at 292 and 298 K to the results by Glasoe et al. [2015] very good agreement can be found for the ternary system with ammonia.
Finally, our data demonstrate how tiny levels of ammonia (e.g., several pptv at 208 K) can influence the magnitude of nucleation rates and overwhelm the effect of IIN at even higher mixing ratios (e.g.,~100 pptv at 248 K). Therefore, there is clearly a need for the development of analytical techniques that are capable of quantifying ammonia at pptv (and ideally even at sub-pptv) levels for atmospheric measurements.
